We present the radio light curves of lensed images of the gravitational lens B1422+231. The observations have been carried out using the VLA at 8.4 and 15 GHz over a period of 197 days. We describe a method to estimate the time delay from the observed light curves. Using this method, our cross-correlation analysis shows that the time delay between images B and A is 1.5±1.4d, between A and C is 7.6±2.5d, between B and C is 8.2±2.0d. When applied to other lensed systems with measured time delays our new method gives comparable results.
INTRODUCTION
One of the most promising outcomes of the study of gravitational lensing is the potential to determine the Hubble constant, H0, independent of the standard distance ladder (Refsdal 1964) . The light travel times for the lensed images are not equal due to the geometrical path length difference caused by the gravitational potential of the lens. This results in a time delay between the lensed images that can be measured by monitoring the images over a period of time. Thus, given a measurement of time delay and a knowledge of the gravitational potential of the lens, one can estimate H0. At present, the accuracy of H0 values determined by this method is limited mainly by our knowledge of the mass distribution in the distant lensing galaxy.
So far, time-delay measurements are available for seven lensed systems. For the twin quasar 0957+561 the measured values at both radio and optical wavelengths are in agreement and have been confirmed by observing variability in the image B after it was recorded in the image A (Schild & Thomson 1997 , Kundić et al. 1997b , Haarsma et al. 1999 . While for this system a reliable measurement of the time delay has been achieved, translation into an estimate of the Hubble constant turns out to be not straightforward (Narasimha, 1999) . For the systems PG 1115+080 (Schechter et al. 1997) , B1608+656 (Fassnacht et al. 1999) , PKS 1830-211 (Lovell et al. 1998) , B1600+434 (Koopmans et al. 2000 ) the measured delays are less accurate, mainly because it is not easy to extract the intrinsic variability and determine its phase lag between the images. The system B0218+357 has good time delay measurements (Biggs et al. 1999 ) and the redshift combination of the lens and source are favourable for a possible determination of H0, but the lens models continue to be ill-constrained. However, these systems together cover various combinations of the distance to the source and lens as well as the distance from the lens to the source; hence an estimate of the distance scale from time-delays in all these systems together would be an important step to determine the Hubble constant and the large scale geometry of the Universe.
The lens system B1422+231 is particularly interesting in this respect, as the redshift of the source, zS = 3.62, ) is very large compared to the redshift of the lens, zL = 0.33, (Kundić et al. 1997a , Tonry 1998 and consequently, the time-delay is a more direct measure of the distance to the lens. B1422+231 is a quadruple system which has been observed at various wavebands Lawrence et al. 1992; Remy et al. 1993; Yee & Ellingson 1994; Bechtold & Yee 1995; Akujor et al. 1996; Yee & Bechtold 1996; Impey et al. 1996) . Several models have been presented to explain the lens system (Hogg & Blandford 1994 , Narasimha & Patnaik, 1994 , Kormann, Schneider & Bartlemann 1994 , Mao & Schneider 1998 . Detailed radio maps at sub-milliarcsecond resolution are available for the images (Patnaik et al. 1999 ) and the mapping of the resolved structures of the images can be used for construction of the lens models. Optical spectra of the images have been taken with high sensitivity (Impey et al. 1996 ) and the emis-sion line profiles of strong lines like Lyα have been used by Narasimha & Srianand (1999) to constrain the lens models. Thus, it is clear that a measurement of the time-delay for this system will be useful for the calibration of the cosmic distance scale, even though the source is not highly variable.
OBSERVATIONS AND DATA ANALYSIS
The VLA monitoring campaign of the gravitational lens B1422+231 was carried out at two frequencies, 8.4 and 15 GHz between 1994 March 03 to September 16. We used two 50 MHz-wide IF bands at each frequency.
We used 3C286 (J1331+3030) to calibrate the flux density scale, OQ208 (J1407+2827) as the phase calibrator, and 3C287 (J1330+2509) as a control source since it is not expected to be a variable source. The other reason for selecting this source is that it is close to the declination of our target source to ensure proper calibration of gain as a function of elevation.
The observations were carried out for about 30 min on each day, the integration time for the target source was 5 min at each frequency and the rest of the time was used for observing the calibration and control sources. Accurate calibration is of vital importance in this kind of monitoring observations. The observations of the two calibrators ensure that any variations in them must be due to calibration errors and hence these variations can, at least partially, be removed from the light curve of the lensed images.
We chose two different frequencies in order to have confidence in the measurements of time delay as it is independent of frequency, though the variability of quasars does depend on the frequency in the sense that they tend to be more variable at higher frequencies. In the present case, we chose 8.4 and 15 GHz for the following reasons. In the A configuration of the VLA the resolutions are about 0.2 and 0.13 arcsec at 8.4 and 15 GHz respectively, which allows clean separation of the images. In the B configuration, however, the two brighter images, A and B, are blended together at 8.4 GHz since the resolution is three times poorer, while there is no such difficulty at 15 GHz. We can sample the light curve over the periods of A and B configurations of the VLA at 15 GHz but only during the A configuration at 8.4 GHz.
The data were calibrated and imaged using the AIPS software package of National Radio Astronomy Observatory. Assumed flux densities of 3C286 were 5.145 Jy and 5.124 Jy at the centre frequencies of the two IF bands which are 8.4149 GHz and 8.4649 GHz respectively, and 3.449 Jy and 3.457 Jy at 14.9649 GHz and 14.9149 GHz respectively. Since 3C286 is partially resolved at these frequencies, we followed the standard procedure in using the shortest baselines to set the scale of flux density.
We assumed that both OQ208 and 3C287 are unresolved sources and used them to determine the gain solutions. We then used the AIPS program GETJY to determine the flux densities of these two sources which are bootstrapped from 3C286. The source 3C287 is, in fact, partially resolved in the A-array (its flux density changes from 1.4 Jy at short spacings to 0.9 Jy at the longest spacing at 15GHz). We could have mapped the source to determine its flux density. However, the assumption that it is a point source affects its flux density measurement by only 0.5% (our method gets less flux density). Thus the assumption that 3C287 behaves as a point source is justified. Moreover, we avoid introducing errors as a result of the mapping process. The VLA configuration was changed from A to B during our monitoring campaign. In fact, the data presented for 8.4 GHz was only for the duration of the A-array. We do not see any effects of the change of the array configuration in the light curves of the calibrators at 15GHz, giving confidence in the calibration method followed. We used the gain solutions for the phase calibrator, OQ208, to interpolate the amplitude and phase corrections for the target source.
The observations were scheduled in intervals of between 2 and 11 days. The measured flux densities are presented in Tables 1 and 2 for 8.4 and 15 GHz respectively. At 15 GHz we had 51 epochs covering both A and B configurations of the VLA. At 8.4 GHz we had only 18 epochs since its span was limited to the A configuration.
The data for B1422+231 was imaged using standard procedure in AIPS. Typical rms noise levels in the maps were about 0.3 mJy/beam at 8.4 GHz and 0.4 mJy/beam at 15 GHz. Fig. 1 shows a 15 GHz map of B1422+231 where the images have been labelled. The flux densities were measured from the maps by fitting gaussians to each of the four images using the program JMFIT. We quote the errors in flux densities as given by this program. The flux densities of the calibrators and of the four lensed images are given in Table 1 and these are plotted in Fig.2 (for 8.4 GHz results) and Table 2 In what follows we chose not to analyse the results of 8.4 GHz due to insufficient points in the light curve. We concentrate on the 15 GHz results.
It is evident that any correlated variability (at the same epoch) in the light curves of calibrators as well as the target sources is due to errors in calibration. We, therefore, normalised each of the light curves of the sources by dividing it by the flux density of its first epoch. Then we divided these normalised points by the corresponding point of OQ208 from the light curves of all the sources in order to remove the calibration errors. The rms variation in the light curve of 3C287 improved from 2.5% to 1.7% after this division (Fig. 6 ). Figure 4 shows the light curves of A, B and C images of B1422+231. Figure 5 shows the light curve of image D. It is clear from Fig. 4 that we do detect variability of the three brighter images of B1422+231. Image D is rather weak and suffers from larger uncertainties due to poor signal-to-noise ratio and hence has correspondingly larger error bars. It is, therefore, not possible to conclude about its variability from the present observations. For the others, we observe peakto-peak variability of about 5% during our observing run of 197 days.
NEW METHOD FOR DETERMINATION OF TIME-DELAY
In the past, the conventional method to cross-correlating the fluxes of the images to determine the time delay between them has not been very successful when the noise at the time period of expected time delay was non-negligible, even though the overall signal to noise ratio of the data could be very good. This was apparent in the case of 0957 + 561 where time delay was around 417 days while some of the microlens events had similar duration (Schild & Thomson 1997 , Kundić et al. 1997b , Haarsma et al. 1999 ). This problem is severe for B1422+231 due to the low amplitude of variability in radio. Our method is based on identifying a single component of the intrinsic variability and using this component to cross correlate between the images (cf. Narasimha 2000). In the conventional methods, attempts are usually made to cross-correlate all the frequencies of variability simultaneously, and hence the method is most sensitive to the highest frequency. Unfortunately, the variability in the data at the highest frequency is the noise. We attempt to derive an alternative approach, in which, essentially one single frequency is analysed and the noise in the phase of this component is minimised before the feature is used for cross-correlation between the images. A smoothed cubic spline is used for the identification of the feature. We do not use any specific form for the variability, but in view of its application for many similar systems we shall illustrate and explain the general method through an ideal example where the term phase difference is easily understood.
Let the smooth component of flux obtained from the observed sample be represented by a function of the form,
Here fo is the steady flux, A is the amplitude of variability, ω is the frequency of intrinsic variability of the signal of interest and the crucial term required for computation of the time delay is the observed phase factor φ for the different images.
If the external noises were absent and the sampling were sufficiently good, the flux would be
We assume that α, ωo and φo are close to the observed sample values A, ω and φ respectively. Then, a Taylor expansion for the sample values about the population mean is valid. Carrying out a χ 2 minimisation we can obtain four linear relations for the four unknowns. If the observations span one cycle of variability or more, the mean values for terms like sin(ωt+φ), cos(ωt+φ) summed over the observed epochs will tend to zero. Consequently, we can select a value of t ′ close to the mean epoch of the observation such that the computed sample values of A, ω, fν and φ will be stochastically independent. The variance of φ can, then, be approximated by Table 2 . Flux densities (in Jy) of the observed sources and their errors at 15 GHz. The first column refers to the days starting from 1994 March 3. The last column gives the elevation of B1422+231 in degrees. The flux densities of the two calibrators, 3C287 and OQ208 were determined from the program GETJY while that of lensed images were determined by fitting a gaussian to the image.
The time-delay between the images can be estimated from the cross-correlation between the variable part of the fluxes obtained from the smoothed cubic splines. The cross correlation will have the form
where τ is the assumed time delay between the images. The phase factors φ1 and φ2 refer to the variable components of the smoothed cubic spline fits to the observed fluxes in the images 1 and 2. The errors in the data points are contributed almost entirely by the calibration source and the steady part of the signal. The time period over which the source is monitored is very long compared to the time-delay. Consequently, the variance in R can be approximated, to a good extent, by the product of the variance of the normalised flux of the two images. As we described earlier, since we are interested only in the phase factor of the variable component of the fluxes, the errors in the normalised smoothed flux represent the errors in the computed phase factor. The variance is an indicator of the expected error in the computed flux and hence, the estimated time-delays. If the smoothed flux has exactly the same form in the images, the correlation will have a peak value of unity, but in practice it will be less when the fitting is done independently. In view of the form of the expression for R, the error in the computed time delay is the time interval over which the correlation, R, drops by half the estimated variance of the phase φ of the smoothed fit to the flux.
RESULTS
For the system B1422+231, the 15 GHz observations were spread over 197 days and a variability of 5.2% was detected. We estimate the period of variability to be about 216 days. The observations were carried out at intervals of 2 to 11 days. It is reasonable to assume that the observations lasted for one cycle of variation. For the 8.4 GHz, the observations lasted for less than seventy days, number of epochs were less. Consequently, we are not able to carry out the analysis discussed here. Hence our time-delay analysis is restricted to the 15 GHz data.
The variances of φ for the images B, A and C are at 0.013 level which is equivalent to 4 days (variance of 0.01 is equivalent to an error of 0.1 radian, and as the period is about 216 days, this amounts to about 4 days). This is a consequence of the time interval between the observations being at 2 to 11 days. Since the time intervals between observations are not fixed, we are able to separate a time-delay of less than the minimum time interval between the successive observations. But our computed error is rather high which shows that with a better sampling of the observations we should be able to get time-delays for all the images. In practice, the uncertainty in the relative fluxes of the images is mainly due to the day to day calibration error rather than the relative flux of the images with respect to the calibrator. Hence, strictly, the stochastic independence of the data cannot be claimed. Nevertheless, we treat the normalised fluxes of images to be stochastically independent. This results in higher error estimate.
However, for the image D, the error in individual observations is considerable due to the faintness of the image. Consequently, the estimated variance of the phase is around 7, corresponding to an uncertainty of over 150 degrees, implying that the relative phase of image D with respect to other images cannot be estimated from the given sample. So, we have not carried out any analysis for this image, in spite of its significance for cosmological purposes. The derived time delays between images B and A is 1.5±1.4d, between A and C is 7.6±2.5d and between B and C is 8.2±2.0d.
When is this method superior to direct estimation of the time delay? If the smoothed cubic spline can isolate a single component of the intrinsic flux variability from the mean flux of the images, and any contribution due to microlensing is filtered from the smooth function, then the signal in the correlation will improve compared to the noise by a factor of (n-4), where n is the number of epochs of observation and the number 4 is based on the minimum number of data points required for the computations of the smoothed spline. In practice, the errors between the various images are not independent because as in the case of our data for B1422+231, the main contribution to error in the smoothed fit is from the calibrating sources which are common to all the images. Consequently, our error estimate is probably conservative; the time delays could be closer to our estimations than the error bars suggest. This can be seen also from the fact that the sum of the time delays between images BA and between AC agrees well with that of BC.
DISCUSSION
The time delays between the images A, B and C have been determined, though not very accurately. However, the monitoring of the weaker image D has not been successful mainly because the fractional errors in the flux densities were considerably larger than the amplitude of the intrinsic variability. For the distance estimate, the time delay between image D and other images is important because it is a measure of the lens mass. Hence our results, so far, do not provide any reliable distance determination. It would be necessary to carry out monitoring for a longer time with considerably better precision in order to estimate the time delay between image D and the brighter images.
The models of Narasimha & Patnaik (1993) predicted a value of time delay between images A and C of the order of 9 days for a distance to the lens of 1000 Mpc (signal appearing in C first), assuming a single component lens and H0 to be 50 km s −1 Mpc −1 . Our measurement of AC time delay of 7.6±2.5d implies a Hubble constant in the range of 64 to 75 km s −1 Mpc −1 for the standard cosmology, with only a weak dependence on Ω and Λ. Narasimha & Srianand (1999) considered abstract models comparing the caustic structure near the images A, B and C using the flux ratios in the emission lines, optical and radio continuum. Their result cannot be directly translated into time delay, but if the size of Lyman emission region is less than 10 17 cm, a large scale length of the lens is implied and the Hubble constant turns out to be less than 35 km s −1 Mpc −1 . Since there is evidence for a weak group of galaxies near the main lens, the result is expected to be in between the two limits discussed above.
However, a natural question to address is that whether the method suggested here is reliable and has advantages over the conventional data analysis techniques. We shall briefly address these questions by showing our results and some comments for the three systems, namely, B1608+656, B0218+357 and PG1115+080, for which time delays have been available during the last few years, but the data are still not good compared to 0957+561.
VARIABILITY AND TIME-DELAY IN OTHER LENS SYSTEMS
We have analysed the available data for the systems B1608+656 (Fassnacht et al., 1999) , B0218+357 (Biggs et al., 1999) and PG1115+080 (Schechter et al., 1997) . We have displayed one typical diagram for the time delay based on polarization angles in the system B0218+357 ( Fig. 8 ) and a summary of the results for the three systems is given in Table 3 . The data for B1608+656 are very good, in spite of low amplitude of the variability and multi-component fluctuations. The excellent calibration based on stable reference source and elimination of the questionable data make the derived time delay reliable. Our results for the three combination of the time delays (AB, BC and BD) are in good agreement with the value derived by the observers' team, and the value for AB is very close to the differential time delay BC-AC. However, it would be worth pointing out that the smoothed spline cross-correlation peaks at much lower than 1, which indicates that there could be considerable amount of noise introduced en route in all the images. Possibly multi-frequency observations and polarization data would be required to assess the nature of this noise.
For the system B0218+357, at the higher frequency, Cross−correlation function for B0218+357 Figure 9 . Cross-correlation function for the light curve of B0218+357. Solid line represents the correlation function for the total intensity, long dashed curve represents that for the position angle of polarization, and small dashed curve represents that for the fractional polarization of B0218+357 at 15GHz. Data are taken from Biggs et al. (1999) .
all the three methods, namely, total flux, polarization fraction and the the polarization angle give nearly identical results ( Fig. 9 and Table 3 ), all in agreement with the values given by the observers' team. The polarization angle appears to have the highest correlation between the images in our method. We think that polarization angle is among the most trustworthy indicators of the intrinsic variability, as pointed out by Nair et al. (1993) and Nair (1994) .
For the system PG1115+080, again, our results are broadly in agreement with Schechter et al. (1997) . However, a few comments are worth mentioning. First, the time delay between images B and C are generally stable against analysis technique or some amount of noise in the data. But the timedelay between the merging image A and the other two are sensitive to the method adopted as well as the noise in the reference star. Second, for the whole data, our time-delay between images B and C is slightly smaller than the value given by Schechter et al. But if we drop two days on which the fluctuation in the magnitude of the reference star was comparable to the amplitude of variability of the quasar, the time-delay becomes 24.4 days, which is exactly in between the values derived by Schechter et al. and Barkana (1997) . Third, our value for the time delay between images A and B range from 6 to 11 days, depending on using or dropping the data for the two days. The corresponding value for the time-delay between images C and A vary between 14 and 13 days. Consequently, our time-delay ratio between CA and AB are always consistent with the lens models; the small ratio supports a compact lens and higher value for the Hubble constant while the larger ratio favours an extended lens and smaller Hubble constant. 
CONCLUSIONS
We have monitored B1422+231 with the VLA at two different frequencies. The light curves were sampled at intervals of 2 to 10 days only because we did not have a good idea of the amplitude of intrinsic variability and were interested in the image D in view of its importance for cosmological distance calibration. Consequently, we are unable to get very accurate value for the time delay between images. But we are able to determine the time delay between the bright images using the 15 GHz observations, obtaining 1.5, 7.6 and 8.2 days for AB, CA and CB time delays respectively. More extensive monitoring at significantly higher signal to noise ratio is necessary to determine the time delay between the weak image D and the other images.
